Dietary restriction (DR) is a metabolic intervention that extends the lifespan of multiple species, including yeast, flies, nematodes, rodents, and, arguably, rhesus monkeys and humans. Hallmarks of lifelong DR are reductions in body size, fecundity, and fat accumulation, as well as slower development. We have identified atx-2, the Caenorhabditis elegans homolog of the human ATXN2L and ATXN2 genes, as the regulator of these multiple DR phenotypes. Down-regulation of atx-2 increases the body size, cell size, and fat content of dietary-restricted animals and speeds animal development, whereas overexpression of atx-2 is sufficient to reduce the body size and brood size of wild-type animals. atx-2 regulates the mechanistic target of rapamycin (mTOR) pathway, downstream of AMP-activated protein kinase (AMPK) and upstream of ribosomal protein S6 kinase and mTOR complex 1 (TORC1), by its direct association with Rab GDP dissociation inhibitor β, which likely regulates RHEB shuttling between GDP-bound and GTP-bound forms. Taken together, this work identifies a previously unknown mechanism regulating multiple aspects of DR, as well as unknown regulators of the mTOR pathway. They also extend our understanding of diet-dependent growth retardation, and offers a potential mechanism to treat obesity.
D
ietary restriction (DR), limiting food consumption below ad libitum to levels that do not cause malnutrition, is a highly conserved metabolic intervention. Different DR regimes extend the lifespan of most tested animal species (1) . Moreover, DR regimens have been found to reduce the risk of diabetes in monkeys and to positively change metabolic health biomarkers in humans (2) . Lifelong DR causes reduced body size, lower fat levels, and a smaller brood size (3) (4) (5) (6) . Although the pathways by which DR extends lifespan have been thoroughly investigated, less is known about the causes of reduced body size and fat content.
Multiple DR regimens have been developed for Caenorhabditis elegans (7) . Surprisingly, the different DR regimens vary in the genes essential for lifespan extension (7) . For example, DR can be achieved by diluting the bacteria in a liquid medium. This intervention, which extends the lifespan and decreases animal size, is partially dependent on both daf-16, a key transcription factor of the insulin-like signaling pathway, and aak-2, the catalytic subunit of AMP-activated protein kinase (AMPK) (7, 8) . In a different DR model, a mutation in the eat-2 gene decreases the rate of pharyngeal contractions, limiting the animals' feeding rate. Unlike bacterial dilution, this model was shown to be independent of both daf-16 and aak-2, at least with respect to lifespan (7) .
The mechanistic target of rapamycin (mTOR) pathway is a key regulator of multiple processes, including transcription and translation, protein and lipid synthesis, cell growth and size, and cellular metabolism (9) . It contains two main protein complexes, mTOR complex 1 (TORC1) and complex 2 (TORC2) (10) . TORC1 integrates multiple environmental signals as its input, including the ATP:AMP ratio via AMPK and the availability of amino acids. A key downstream target of TORC1 is ribosomal protein S6 kinase (S6K), which regulates protein synthesis and cell proliferation via the phosphorylation of several residues of the S6 ribosomal protein (10, 11) .
atx-2 is the C. elegans homolog of the mammalian ATXN2 and ATXN2-like (ATXN2L) genes. Whereas poly-Q expansions in the ATXN2 gene cause spinocerebellar ataxia type 2, the function of ATXN2 remains largely unknown. Like the mammalian protein, ATX-2 contains poly-Q sequences, along with two conserved motifs, SM and lsmAD, that are involved in RNA metabolism (12) . Work in nematodes has shown a role for ATX-2 in germ-line translational regulation and early embryonic patterning (13, 14) . Consistently, ATXN2 is implicated in mRNA metabolism (14, 15) , and in the germ-line, both ATXN2 and ATX-2 interact with the poly (A) binding protein (PAB-1) (14) . ATXN2 also interacts with growth factor receptor-bound protein 2 (Grb2) (16) . Mice lacking Atxn2 are viable but show adult-onset obesity and reduced insulin receptor expression (17, 18) . A recent study shows that Atxn2 modulates nutrition and metabolism by regulating the pathways for the metabolism of branched-chain and other amino acids, metabolism of fatty acids, and the citric acid cycle (19) . Finally, the human locus containing SH2B3 and ATXN2 is associated with type 1 diabetes (20) . We have examined the role of atx-2 in dietaryrestricted C. elegans animals, and found that it is involved in the regulation of animal and cell size, fat level, rate of development, and fecundity upstream of TORC1.
Significance
Dietary restriction is a metabolic intervention that extends the lifespan and reduces animal size and fat content. We have used Caenorhabditis elegans to demonstrate that the homolog of human ATXN2, atx-2, is a major regulator of the animal response to dietary restriction. Down-regulation of atx-2 in dietary-restricted animals leads to increased animal size and fat levels, as well as accelerated development. Surprisingly, it does not affect the extended lifespan of dietary-restricted animals. These findings are relevant to mammals because Ataxin-2 knockout mice exhibit adult-onset obesity, owing to an unknown mechanism. atx-2 negatively regulates the mechanistic target of rapamycin pathway via its interaction with a GDP dissociation inhibitor β. Forced activation of this pathway may have therapeutic potential for obesity. ; ***P < 10 −6
. . (C) Quantification of fat levels by Sudan Black B staining in WT (N2) and eat-2(ad1116) 9-d-old animals fed with either EV or atx-2(RNAi). n = 160. Error bars represent mean ± SEM. ***P < 10 . Worms were divided into three groups (no, middle, and high expression) according to the GFP intensity of the ATX-2 tg transgene. n = 30. Error bars represent mean ± SEM. *P < 0.01; **P < 10 −4 . (E) Developmental stage reached by eat-2(ad1116) animals following down-regulation of atx-2 for 3 d posthatching. n = 200. P = 3 × 10 −5 , χ 2 test. L1-2, larval stages 1-2; L3-4, larval stages 3-4; YA, young adults. (F) Survival curve for WT (N2) and eat-2(da1116) worms fed with EV (blue and purple), atx-2 (red and black), or lmn-1 (green and orange) at 23°C. The RNAi treatments were initiated at larval stage 4. atx-2(RNAi) treatment did not change the lifespan of N2 or eat-2 animals, whereas lmn-1(RNAi) significantly shortened the life span of both N2 and eat-2 animals. P < 0.0005. The lifespan assay was repeated five times for N2 and eat-2 and two times for lmn-1.
Results
To test the effects of atx-2 on DR, we used bacterial dilutions to grow wild-type (WT; N2) and atx-2(tm3562) C. elegans animals. tm3562 is a large deletion in atx-2 that represents a complete atx-2 null phenotype (www.wormbase.org/species/c_elegans/variation/ WBVar00252219), which in homozygous animals causes sterility (Japanese National Bioresource Project; shigen.nig.ac.jp/c.elegans/ mutants/DetailsSearch?lang=english&seq=3562) (see Fig. S2C ). As expected, bacterial dilution led to a decrease in the size of WT animals (Fig. 1A) . In contrast, the atx-2(tm3562) animals did not respond to the bacterial dilution and maintained the size of well-fed animals [P < 10 −16 for WT vs. P = 0.32 for atx-2(tm3562) in a fivefold bacterial dilution] (Fig. 1A) . We concluded that in DR conditions, ATX-2 is required for reducing the size of the animal.
Worms that are mutated in the ligand-gated ion channel gene, eat-2; have a slower food intake; and serve as a genetic model for DR (21) . We found that when atx-2 was down-regulated postdevelopmentally ( Fig. S1 A-C) , the smaller eat-2(ad1116) mutant animals grew longer and wider, up to the size of WT animals, with a typical size increase of 10-25% (P < 10 ) (Figs. 1 B and C and Fig. S1D ). The increase in size did not result from an increased pumping rate of the pharynx, given that a down-regulation of atx-2 in eat-2(ad1116) animals did not affect the pumping rate (Fig.  S1E ). In addition, this increase in size appeared in other atx-2 (RNAi) DR model animals as well, including eat-5(ad1402) and eat-6(ad467) (Fig. S1F) .
Worms have a fixed number of cells, and eat-2(ad1116) animals are exclusively smaller owing to their smaller cell size (3) (4) (5) (6) . To test whether atx-2 counteracts the DR-dependent size decrease by affecting cell size, we measured the maximal length of phalloidinstained muscle cells in eat-2(ad1116) animals down-regulated for atx-2. The increase in length of body muscle cells in these animals was proportional to the increase in length of the entire animal, suggesting that the change in cell size constitutes the increase in animal length ( Fig. 1 D and E) .
We next tested whether ectopic ATX-2 expression is sufficient to control animal size by transgenic expression of ATX-2::GFP:: FLAG (ATX-2 tg ) under its native promoter in WT (N2) animals. ATX-2 tg is localized primarily to the cytoplasm and the nucleus in both WT and eat-2 animals ( Fig. S2 A and B) , and functions to partially rescue the fertility of atx-2(tm3562) animals (Fig. S2C) . The overexpression of ATX-2 tg in WT (N2) animals was sufficient to reduce animal size; its expression levels, measured as GFP intensity levels (22) , were inversely correlated with animal size (r = −0.737; P = 4 × 10 −8 ) (Fig. 1F) . We conclude that atx-2 is both necessary and sufficient to suppress animal size in response to DR conditions. As discussed below, WT animals down-regulated for atx-2 consistently exhibited less than one-half of the size increase seen in dietary-restricted animals.
Animals subjected to DR are also leaner (5). The lower fat levels of these animals either can result from a controlled process in which nutrients are allocated to other functions or can occur passively, when a lack of resources prevents fat accumulation. To distinguish between these two possibilities, and to test whether atx-2 also regulates fat accumulation in C. elegans, we measured body fat levels by Oil Red O and Sudan Black B staining (23, 24) . Whereas downregulation of atx-2 had a minor impact on total fat levels of the WT animals, it significantly increased total fat levels of the eat-2(ad1116) animals, and also altered fat distribution ( Fig. 2 A-C) . The effect of atx-2 on fat levels is likely mediated by the sbp-1 gene, which is the C. elegans homolog of the mammalian sterol regulatory elementbinding protein (SREBP). eat-2 animals expressing GFP driven by the sbp-1 promoter showed a lower level of GFP expression compared with WT animals. In contrast, atx-2 down-regulation resulted in similar GFP levels as seen in well-fed animals ( Fig. S3 A and B) . In line with these findings, overexpression of ATX-2 tg decreased the fat content of atx-2(tm3562) animals (Fig. S2D) . These results suggest that dietary-restricted animals consume enough food to support both growth and higher fat accumulation, but that energy from consumed food is redirected away from fat accumulation in an atx-2-dependent manner.
An additional phenotype of eat-2 mutants is a reduced brood size. If atx-2 regulates brood size in DR animals, then overexpression of atx-2 in WT animals would mimic DR by reducing the brood size. Indeed, overexpression of ATX-2 tg in WT animals led to a reduced brood size (Fig. 2D) . Because the lack of ATX-2, owing either to a deletion or to RNAi knockdown, causes sterility, whereas ATX-2 tg overexpression causes a smaller brood size, we concluded that optimal levels of ATX-2 are required for maximal brood size.
eat-2(ad1116) animals also show slower development. At 3 d of age, >95% of WT animals were at the young adult stage (25) . When atx-2 was down-regulated in eat-2(ad1116) animals after hatching, by day 3 nearly all atx-2(RNAi)-treated animals were young adults, similar to the developmental pace in WT animals. Conversely, a significant fraction of control eat-2 animals were still at the third and fourth larval stages (Fig. 2E) .
We next tested whether down-regulation of atx-2 in eat-2 animals affects their lifespan. The atx-2 gene was not reported as a lifespan modulator in any of the previous genome-wide screens. Indeed, the average lifespan of atx-2(RNAi) was similar to that of WT animals ( Fig. 2F) . Surprisingly, atx-2(RNAi) had no significant effect on the lifespan of eat-2 mutants (Fig. 2F) , as confirmed by five independent repeats. As expected (26), down-regulation of lmn-1 in adult animals significantly shortened their lifespan ( Fig. 2F ), whereas nhr-62 did not significantly affect the lifespan of eat-2 animals (27) (Table S1 ). Thus, animal size and fat accumulation can be uncoupled from lifespan extension in eat-2 animals. We concluded that atx-2 regulates animal length, fat accumulation, and developmental rate in DR animals independent of lifespan.
We next analyzed the mechanism by which ATX-2 regulates DR. Mining of high-throughput data revealed that the mammalian ataxin-2-like protein is associated with tuberous sclerosis 1 protein (TSC1) (28) , which together with TSC2 regulate the mTOR pathway (11) . Therefore, we tested the role of mTOR pathway proteins in the atx-2-dependent size determination. Ribosomal protein S6K phosphorylates several residues of the S6 ribosomal protein, leading to increased protein synthesis and cell proliferation. S6K functions downstream of TSC1/TSC2 in the mTOR pathway to regulate metabolism (11) (Fig. 4B) . A deletion of rsks-1(ok1255), the homologous C. elegans gene of S6K, abolished the size increase of atx-2(RNAi) in both WT and eat-2(ad1116) background animals ( Fig. 3A and Fig. S4A ). We conclude that ATX-2 regulates size by the mTOR pathway, upstream of RSKS-1.
We next mapped where ATX-2 acts in the mTOR pathway. AMP-activated protein kinase (AMPK) and its target DAF-16 (FOXO) are master regulators of cellular energy homeostasis that function upstream of TSC1/TSC2 (29, 30) (Fig. 4B) . A deletion of aak-2(ok524), the catalytic unit of AMPK, or daf-16(mu86), was synergistic with the down-regulation of atx-2, showing a similar effect to that of eat-2(ad1116). Animals lacking aak-2 were smaller in size; however, on atx-2(RNAi), the animals grew longer, reaching the same size as atx-2(RNAi) WT animals (Fig. 3A) . We conclude that ATX-2 functions downstream of AMPK and DAF-16.
To further validate these results, we tested the effect of atx-2 null on the size of rsks-1 null eat-2(ad1116) animals. If ATX-2 indeed acts upstream of RSKS-1, then these animals would not exhibit a significant size increase compared with atx-2 WT. Indeed, atx-2 null had no effect on the size of eat-2(ad1116); rsks-1(ok1255) null animals, but rescued the size of eat-2(ad1116) animals (Fig. S4B) .
At low energy levels, AMPK acts on the TSC1/2 complex, a GTPase-activating protein for Ras homolog enriched in brain (RHEB), to change its form from RHEB-GTP, which activates TORC1, to RHEB-GDP, which represses TORC1. This repression results in the suppression of both S6K activity and cell growth (11) . Indeed, eat-2(ad1116) animals down-regulated for rheb-1 showed an increase in length (6.5%; P < 10 −6 ) (Fig. S4C) . Down-regulation of both atx-2 and rheb-1 had no significant additive effect over the down-regulation of atx-2 alone, suggesting that these genes share a pathway or downstream targets (12% for atx-2 vs. 14.6% for atx-2; rheb-1; P = 0.046) (Fig. S4C) . Furthermore, down-regulation of RAPTOR (daf-15), a key member of TORC1, mildly decreased the size of eat-2 mutants and blocked the size increase caused by atx-2(RNAi) (Fig. 3B) . In contrast, perturbing the TORC2 complex by down-regulation of RICTOR (F29C12.3) had no effect on the size of eat-2(ad1116) animals (Fig. S4C) . We conclude that ATX-2 acts upstream of RHEB-1 and RAPTOR in the mTOR pathway to regulate animal size.
Whereas human ataxin-2-like protein associates with TSC1 (28), C. elegans has no known homologs for either TSC1 or TSC2. The C. elegans signal-induced proliferation-associated gene sipa-1, a member of the tuberous sclerosis protein complex (28) , shows a partial homology to TSC2 (BLAST comparison) (31) . Downregulation of sipa-1 in eat-2(ad1116) animals caused a size increase (9.2%; P < 10 −5 ) (Fig. 3C) . Immunoprecipitation of ATX-2 revealed multiple interacting partners (Table S2) , including (among others) a known member of the tuberous sclerosis protein complex, dihydrolipoamide S-succinyltransferase (28) , and a GDP dissociation inhibitor (GDI-1). BLAST analysis showed that GDI-1 is homologous to the human GDI2, a GDP-GTP exchange inhibitor acting on members of the Ras family. Down-regulation of gdi-1 increased the size of eat-2(ad1116) animals by 11.5% (P < 10 −7 ) (Fig. 3D) , whereas down-regulation of both atx-2 and gdi-1 produced no additive effect over down-regulation of atx-2 alone (Fig. S4G) . We conclude that GDI-1 and ATX-2 regulate animal size via a shared pathway.
To further demonstrate the interaction between ATX-2 and GDI-1, we generated transgenic animals expressing GDI-1::MYC under its native promoter. At various stages of the cell cycle, GDI-1::MYC exhibited three isoforms (www.wormbase.org/species/ c_elegans/gene/WBGene00001558) and was localized mainly to the nucleus, but not to the chromatin (Fig. S5 A and B) . A similar localization pattern was seen in RHEB::GFP (Fig. S5C) . Whereas the GDI-1::MYC transgenic animals grew normally, when crossed into an ATX-2 tg background, these animals had few embryos and a high embryonic lethality. Despite several attempts, we did not manage to produce a stable strain overexpressing both ATX-2 tg and GDI-1::MYC in an atx-2(tm3562) background. This result suggests that ATX-2 tg is sensitive to GDI-1 overexpression. Nonetheless, Förster resonance energy transfer (FRET) experiments in the animals that survived showed a direct interaction between ATX-2 and GDI-1 (FRET efficiency of 0.3 vs. <0.1 in all controls (Fig.  4A) . Taken together, these results suggest that ATX-2 in direct association with GDI-1 in a TSC1-like complex suppresses animal size by inhibiting TORC1, downstream of AMPK and DAF-16 and upstream of RHEB-1 and S6K (Fig. 4B) .
Cell growth requires protein production and thus active ribosome synthesis (32, 33) . Mutations in genes that affect ribosome synthesis in Drosophila result in animals with small cells [the "minute" phenotype (33-35)]. ATX-2 does not regulate cell size and body fat content simply through ribosome synthesis, however. Depletion of ATX-2 in WT animals (N2) did not significantly impact ribosome synthesis while conferring markedly increased animal size (Fig. 3A and Fig. S6; compare lanes 1  and 2) . Moreover, the mild ribosome synthesis reduction observed in eat-2 worms was not suppressed, but rather was slightly exacerbated, on ATX-2 depletion, whereas both animal size and body fat content were at least partially restored (Figs. 1 and 2 and Fig. S6; compare lanes 3 and 4) . We conclude that ribosome synthesis does not play a role in the ATX-2-dependent regulation of animals' response to DR.
The down-regulation of atx-2 in eat-2(ad1116) animals caused an increase in animal size of 10-25%, compared with 5-12% in WT animals (Fig. 3A and Fig. S4 ). To exclude the possibility that physical constraints were the cause of the limited size effect of atx-2(RNAi) in WT animals, and to investigate the role of TGF-β signaling in atx-2 size regulation, we knocked down atx-2 in lon-1(e185) mutant animals, which are long owing to a single nucleotide substitution in a target of DBL-1 (TGF-β homolog). Nonetheless, following atx-2(RNAi), the lon-1(e185) animals grew even longer (Fig. S4D) , with some animals exceeding 2 mm in length. To the best of our knowledge, these are the longest C. elegans reported to date. These results indicate that the size effect in previously tested animals is not limited by physical constraints on the size of the animal, and that atx-2 can act independently of the TGF-β pathway.
Previous elegant studies have characterized proteins that interact with atx-2 and regulate germ-line translation (14) . However, down-regulating these factors showed no size effect (Fig. S4E) , suggesting that these previously assigned roles for atx-2 are independent of its role in regulating animal size. Ataxin-2 also interacts with the poly (A)-binding protein, PAB-1 (14); however, down-regulation of pab-1 decreased animal size in both WT and eat-2(ad1116) animals to a similar extent, and down-regulation of atx-2 could only partially rescue this phenotype, suggesting that ATX-2 acts independently of PAB-1 in regulating the DR phenotypes (Fig. S4F) . Discussion ATX-2 Regulates Animal and Cell Size. DR reduces animal size, fat levels, rate of development, and brood size and can extend lifespan. A master regulator of these traits is the mTOR pathway, which is inhibited by DR (36). Here we have shown that atx-2 is a key regulator of four of these phenotypes: animal size, fat content, developmental rate, and brood size. Down-regulation of atx-2 in DR animals mimics the WT state, causing them to grow faster, grow larger, and accumulate more fat. In contrast, overexpression of atx-2 in well-fed animals decreases animal size and fecundity. Knockdown of ATX-2 causes sterility, whereas overexpression reduces brood size. These effects may be the result of tissuespecific roles of ATX-2. Whereas down-regulation of ATX-2 affects germ-line translation, causing sterility, up-regulation of ATX-2 inhibits the mTOR pathway, previously shown to decrease fecundity (37) . In C. elegans, DR does not alter the number of cells; thus, the increase in size of the body muscle cells in atx-2(RNAi) animals, which is proportional to the increase in animal size, indicates that atx-2 increases animal size by regulating cell size. We found that atx-2 down-regulation had no effect on animal lifespan.
Multiple studies have explored the link between size and lifespan (36, 38) . Here we show that ameliorating the reduced size and fat content of eat-2 animals does not compromise their long lifespan. Nonetheless, previous studies have shown that some genes are essential for lifespan extension in some DR regimens, but not in others (7) . Thus, we cannot exclude the possibility that atx-2 is essential for lifespan extension under other DR regimens. It is worth mentioning that although atx-2 has a pivotal role in determining cell size and animal size through the mTOR pathway, other genes control animal size independent of atx-2, including the TGF-β homolog dbl-1. In nematodes, DBL-1 regulates polyploidization and body length through LON-1 (39, 40) . It will be interesting to investigate whether ATX-2 affects the polyploidity of hypodermal nuclei.
ATX-2 Regulates Animal and Cell Size via the mTOR Pathway. The mTOR pathway is a key regulator of growth and metabolism. Multiple indicators of energy and nutrient availability flow into this pathway, and global regulation of translation is a key output. For example, AMPK senses the AMP:ATP ratio. Deletion of the catalytic subunit of AMPK without malnutrition is sufficient to decrease animal size ( Fig. 2A) . This further supports the notion that the size changes in DR result from a genetically controlled process. On down-regulation of atx-2, no significant difference was seen between WT [atx-2(RNAi)] and aak-2 null [atx-2 (RNAi)] animals (P = 0.068) (Fig. 2A) . We conclude that atx-2 (RNAi) completely suppresses the size decrease resulting from aak-2 knockout. Interestingly, deletion of daf-16, a key transcription factor of the insulin-like signaling pathway and a known target of AMPK, has a similar, but milder effect. In support of these findings, previous research has shown that mutations in daf-2, an inhibitor of daf-16, also rescue the size of eat-2 mutants (41). These results suggest cross-talk between the insulin-like signaling pathway and the mTOR pathway.
ATX-2 Regulates Animal and Cell Size Upstream to RHEB-1, RAPTOR, and S6 Kinase. S6K is a major target of the mTOR pathway. When activated by phosphorylation, S6K phosphorylates S6 to regulate the translational rate of multiple mRNAs. Unlike atx-2 and other key components of the mTOR pathway [e.g., daf-15 (RAPTOR), rsks-1], the catalytic subunit of S6K in C. elegans is not essential. Deletion of rsks-1 almost completely blocks the size increase of atx-2(RNAi). Thus, S6K translational regulation is an essential mTOR branch for atx-2-dependent size regulation; however, other functions of atx-2, including gonadal functionality, likely are independent of S6K activity. ; ***P < 10 At the molecular level, we found that ATX-2 directly associates with GDI-1 to inhibit TORC1. Genetic analysis suggests that atx-2 functions upstream of RHEB-1 (Fig. S4C) . The predicted function of GDI-1 is to inhibit the dissociation of GDP from Ras family member proteins, like RHEB-1. In addition, RHEB-1 contains a predicted GDI-1 binding domain (42) . These results lead us to speculate that GDI-1 regulates the dissociation of GDP from RHEB-1. Given that down-regulation of RHEB-1 has opposing effects on the size of DR and WT animals, this work supports the previously suggested role of RHEB-1 unbound to GTP as an active repressor of mTOR (43) . Taken together, these results suggest that the switch of RHEB-1 from GDP to GTP, a key regulator of the mTOR pathway, is inhibited by GDI-1.
ATX-2 Regulates the Decrease in Fat Levels in DR Animals. DR is known to reduce body size and fat levels, increase insulin sensitivity and stress resistance, and reduce the risk of diabetes. Some dietary regimens manage to separate these effects. Intermittent fasting (i.e., alternate-day fasting) in mice can have beneficial outcomes without significantly affecting total calories consumed or body weight (44) . Intermittent fasting in C. elegans is mediated by signaling through RHEB-1 (45) . We found that atx-2 regulates fat accumulation under DR, upstream of RHEB-1. The regulation of fat accumulation is mediated, at least in part, by the sbp-1 gene, which is a known target of the mTOR pathway.
On down-regulation of atx-2, DR animals accumulate more fat, without any obvious associated defects. However, Oil Red O staining suggests that these animals fail to reach WT levels. Future studies will determine the mechanism of ATX-2-dependent fat reduction in DR animals.
Our results also suggest that the decreases in animal size and fat content are not passive processes resulting from lack of resources. Active processes are responsible for directing available nutrients away from growth and fat accumulation in DR animals, because overexpression of atx-2 leads to a decrease in animal size, despite the abundance of food, thereby mimicking the DR state. Interestingly, adult-onset obesity was observed in Atxn2 null mice (17) , and a recent study found that the ATXN2 containing the 12q24 human locus is associated with type I diabetes (20) . These data suggest conserved roles for ATXN2 in regulating metabolism.
Although we chose to focus on the interaction of ATX-2 with GDI-1, other identified interactions also may play key roles in regulating metabolism. These include the acyl-CoA dehydrogenases acdh-10 and acdh-7 (bound to both WT and DR ATX-2) and acdh-1 and acdh-3 (bound to WT ATX-2 only); clpp-1, an essential member of the mitochondrial unfolded protein stress response (46) ; and succinyl CoA synthetase (suca-1), an enzyme that catalyzes the reaction of succinyl-CoA to succinate, coupled with formation of a nucleoside triphosphate molecule (ATP or GTP) (47) . C. elegans lacks well-conserved TSC1/2 proteins (48). We found that other members of the TSC complex, including ATX-2, actively regulate RHEB-1 and likely serve a similar function.
Obesity is a leading risk factor for many severe chronic diseases, including diabetes, cardiovascular diseases, and cancers. Our present findings also provide insight into understanding the processing and regulation of body fat, potentially contributing to the development of effective therapies to combat one of the developed world's largest epidemics.
Materials and Methods
C. elegans Strains. Strain maintenance and manipulations were performed under standard conditions as described previously (49) . All experiments were performed at 23°C. A complete list of the C. elegans strains used in this work is available in Table S3 . Strains created for this work were generated by microinjections and genetic crossings. The progeny of heterozygous animals not expressing the hT2 pharyngeal GFP marker were selected as homozygous null animals. Some strains were provided by the Caenorhabditis Genetics Center, which is funded by National Institutes of Health's Office of Research Infrastructure Programs (P40 OD010440). Some strains were also provided by the National BioResource Project of Japan, and some constructs were provided by TransgeneOme (50).
Statistics. Unless noted otherwise, pairwise comparisons were performed using an unpaired two-tailed Student t test.
RNAi Experiments. RNAi feeding experiments were done essentially as described previously (www.wormbook.org/chapters/www_introreversegenetics/ introreversegenetics.html). In brief, nematode growth medium (NGM) plates containing 25 μg/mL ampicillin and 1 mM isopropyl β-d-thiogalactoside (IPTG) were seeded with the appropriate bacteria taken from either the Ahringer library (51) or the Vidal library (52) or Escherichia coli HT115(DE3) cells transformed with an appropriate vector (atx-2a,c,d; atx-2d; daf-15 (RAPTOR); or sipa-1). Worms were placed on plates at the appropriate developmental stage and analyzed for various phenotypes. When antibodies or GFP fusions were available, the down-regulation efficiency was verified by analyzing the levels of proteins. In most other cases, either the level of mRNAs of the interested genes was analyzed by quantitative PCR or the animal phenotypes matched the published data.
Size Experiments. Animals were synchronized by bleaching or by allowing them to lay eggs on plates for 6 h. In RNAi experiments, except for daf-15 (Fig. 3B) , animals were allowed to develop on NGM plates for 48 h until the eat-2 worms reached larval stage 3. Animals were transferred to RNAi plates, and then to fresh RNAi plates every 48 h, to exclude progeny. Unless noted otherwise, size measurements were performed after 72 h of growth on RNAi plates. After bleaching, animals down-regulated for RAPTOR (daf-15) were moved to daf-15 RNAi plates, and then moved again to appropriate plates (daf-15 or daf-15 + atx-2) after 48 h. For liquid culture experiments, synchronized embryos were placed in a 24-well plate (Nalge Nunc) with 2 mL of S medium (www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html), supplemented with 1 mM IPTG and bacteria at the appropriate concentrations. For genetic validation experiments, offspring of YG2244 [eat-2(ad1116), rsks-1(ok1255), and atx-2(tm3562/hT2)] were sorted to separate out the atx-2 null (tm3562; fosmid loss) animals. All animals in the experiment were allowed to develop for 4 d on plates seeded with OP50. Animals were imaged with an Olympus MVX10 dissecting microscope with an Axiocam CCD (Carl Zeiss) or a Dino-Lite Microscope with a Dino-Eye camera (AnMo Electronics). Size was measured using ImageJ. Between 10 and 50 animals were used for each data point, and key experiments were repeated more than seven times. Length was measured from head to tail along the animal's body, and width was measured at the widest point. P values were calculated using a two-tailed t test.
Lifespan Assay. Synchronized animals were grown on NGM plates seeded with OP50 for 48 h and then moved to RNAi plates. Between three and five plates containing ∼90 animals per strain per treatment were used for each experiment. Animals were moved to new plates every other day while laying eggs and at least every week after the egg-laying period. Animals were considered dead when they no longer responded to gentle prodding with a platinum wire. Scoring was performed every other day. Survival plots were generated using OASIS (53) . Lifespans were calculated after all animals in the experiment died. Experiments were repeated six times. Results from the different experiments are reported in Table S1 .
Microscopy. The image shown in Fig 1C was acquired using a Dino-Eye camera mounted on an Olympus MVX10 dissecting microscope, and that shown in Fig.  1D was acquired using an ORCA-R2 camera (Hamamatsu Photonics) mounted on an Axioplan 2 microscope. Images were deconvolved using AutoQuant X. All other microscopy images, including those used to generate Fig. 1F , were acquired with a Leica SP5 confocal microscope. FRET experiments were performed using the FRET Acceptor PhotoBleaching (AB) mode of the SP5 confocal microscope. For controls, YG2239 was stained nonspecifically with MYC antibodies without washing.
Oil Red O, Sudan Black B, and Nile Red Staining. Oil Red O staining and quantification were performed as described previously (23) . Animals were imaged on a Nikon Eclipse E200 microscope with an X4 lens fitted with a Moticam 2300 color camera (Motic). Exposure levels were adjusted to give clear staining but avoid saturation. Experiments were repeated three times. To avoid background from eggs, the Sudan Black B staining and quantification were performed on 9-d-old animals, as described previously (54) . Animals were imaged on a Zeiss Axioplan II microscope with a Hamamatsu CCD camera. Quantification was performed with the ImageJ package. P values were calculated using a two-sample t test for unequal variances.
sbp-1p::GFP Analysis. Transgenic WT (N2) and eat-2 animals expressing GFP driven by the promoter of the sbp-1 gene were synchronized to the fourth larval stage. Animals were then down-regulated for 48 h for atx-2. After 48 h, the animals were transferred to new RNAi feeding plates and held for an additional 24 h. Each experiment included ∼30 worms. Empty L4440 vector (EV) served as a control. GFP expression was recorded using an Olympus MVX10 microscope. Quantification was performed with the ImageJ package. P values were calculated using a two-sample t test for unequal variances.
Fecundity. Animals at the third or fourth larval stage, expressing ATX-2 tg in a wild-type background, were divided to three groups: no expression (animals showing minimal or no ATX-2 tg expression, either due to low expression level, transgene silencing or transgene loss), medium ATX-2 tg expression, and high ATX-2 tg expression. Expression levels were determined by visual inspection with a MVX10 dissecting microscope. Ten animals from each group were placed on NGM plates, one worm per plate, and were then moved to new plates every day until egg-laying ceased. Live offspring were counted at 48 h after adults were removed from the plate. Each experiment was repeated twice.
Development. eat-2 embryos were synchronized by bleaching of young adults and immediately placed on control (EV) or atx-2 RNAi plates. Animal developmental stage was visually inspected under a dissecting microscope at 3 d after bleaching. Approximately 100 animals were scored for each treatment.
Western Blot Analysis. Equal numbers of animals were washed in PBS and heated for 10 min to 100°C in sample loading buffer. Aliquots were loaded onto a 12% SDS-polyacrylamide gel and blotted onto a nitrocellulose membrane. Membranes were blocked with PBST-milk (10%) and then incubated for 1 h at room temperature with anti-FLAG antibody (F1804, 1:1,000; SigmaAldrich) or anti-MYC (9E10; 1:300; Sigma-Aldrich). Affinity-purified HRP antimouse (Jackson ImmunoResearch) served as the secondary antibody. Detection was performed using MF-ChemiBIS 3.2 (DNR Bio-Imaging Systems).
RNA Electrophoresis and Northern Blot Analysis. For analysis of rRNA processing, 5 μg of total RNA was resolved on agarose denaturing gels (6% formaldehyde/1.2% agarose in Hepes-EDTA buffer) for 16 h at 60 V. Agarose gels were transferred by capillarity overnight in 10× SSC on nylon membranes (GE Healthcare). The membranes were prehybridized for 1 h at 65°C in 50% formamide, 5× SSPE, 5× Denhardt's solution, 1% wt/vol SDS, and 200 μg/mL fish sperm DNA solution (Roche). The 32 P-labeled oligonucleotide probe was added, followed by incubation for 1 h at 65°C and then overnight at 37°C. The probe sequences were as follows: LD2648 (ITS1): 5′-CACTCAACTGACCGT-GAAGCCAGTCG; LD2649 (ITS2): 5′-GGACAAGATCAGTATGCCGAGACGCG. Northern blots were exposed to Fuji imaging plates (Fujifilm), and signals were acquired with a Fuji FLA-7000 PhosphorImager (Fujifilm). The 26S/18S rRNA ratio was calculated from electropherograms using an Agilent Bioanalyzer.
Coimmunoprecipitation. Strains YG2239 and YG2240 were each grown on 10-cm NGM plates. WT (N2) animals served as controls for nonspecific binding. Mixed-stage animals were washed several times to remove bacteria, then flash-frozen in liquid nitrogen and homogenized on ice. ATX-2 tg was immunoprecipitated using anti-FLAG M2 magnetic beads (Sigma-Aldrich). The samples were analyzed by LC-MS/MS (OrbitrapXL; Thermo Fisher Scientific) and identified against the National Center for Biotechnology Information nonredundant C. elegans database with the SEQUEST search engine, using Discoverer version 1.4.
